The dependence of green and sintered densities of zirconia-toughened alumina (ZTA: Al2O3/15vol% ZrO2) on the properties of spray-dried granules and compaction pressures was studied to differentiate the domi nant processing parameter controlling sintered properties. Two sets of spray-dried granules, which differed largely in terms of the morphology and yield stress of granules, were compacted at various uniaxial pressures in the range of 80MPa to 120MPa. The green and sintered densities varied depending on the granule properties and compaction pressure. However, both sets of granules formed by cold isostatic press ing at 500MPa exhibited the same green and sintered densities of about 63% and 99%, respectively, relative to the theoretical density, regardless of the variation of granule properties. This work confirmed that high cold isostatic pressure could overcome the effect of granule properties on the green and sintered densities. The strength of sintered specimens was determined from the size of large hollows in the spray-dried granules remaining after compaction. Details of the compaction behavior in terms of the granule properties were discussed.
Introduction
Common ceramic processing includes spray-drying of milled slurry prior to compaction and subsequent sintering to utilize the higher flowability of large and spherical granules for improved reproducibility of green density. The parameters controlling granule properties and the effect of the properties of a spray-dried granule on the compaction behavior were investigated thoroughly in numerous works.1)-5) However, little study has been done on the rela tionship between the compaction behavior and the proper ties of a sintered body.
A spray-dried individual granule normally containing less than 3mass% of organic binder and plasticizer shows about 50% intragranular porosity.2) The higher the plasticity of the binder, the higher the green density, to some extent. The glass transition temperature (Tg) of binder, below which the binder is brittle and above which it shows plastici ty, is one of the important factors that control compaction behavior. The dry pressing should be performed at temperatures below Tg to obtain high green density. Tg of the binder decreases with increasing amounts of moisture and organic plasticizer which disrupt the bonding strength of binder and reduce its hardness.1),3), 6) The mode of compaction shifts from the rearrangement of granules to deformation and fracture at low pressure to fill intergranular pores. The particular stress causing the onset of plastic deformation and fracture of granules is call ed the apparent yield point (AYP). The AYP of a granule could be an indicator of the degree of plasticity. In fact, the lower the AYP, the higher the degree of plasticity.1), 3) Besides AYP, the morphology and size distribution of granules are also important in determining their flowability. In practice, granules showing low AYP (high plasticity) and highly spherical shape without any large internal pores can lead to a denser packing configuration. As a result, the shape and properties of granules could affect not only green density but also sintered density, since we expect the higher green density to result in a higher sintered density under the same heat-treatment conditions. However, little work has been done to show any systematic relationship between the granule characteristics and the sintered properties. The density and strength of the sintered body could e more affected by the large hollows existing in the undeformed granules, during compaction process. The aim of this work is to show how the granule properties can influence the compaction behavior at different compaction pressures and with different methods, i.e., uniaxial dry pressing and cold isostatic pressing, and also show how the different compaction responses can affect the strength and density of a sintered specimen. Two sets of spray-dried granules which differed largely in terms of AYP and amount of hollows were prepared by varying the amount of binder. Then the variations of green and sintered densities, and mechanical properties depending on the granule properties were examined. Moreover, the domi nant processing parameter between the granule properties and compaction conditions in determining the density and strength of sintered ZTA were shown.
2. Experimental procedure Al2O3 (A-16SG, Alcoa, USA) and ZrO2 (SC20, MEL, U. K.) were carefully weighed for ZTA (Al2O3/15vol% ZrO2). The composition was milled in a ball mill for 24h us ing a 91mass% Al2O3-9mass% SiO2 jar and milling media. The powder was weighed to be 30vol% when loaded in a water slurry. Two different slurries were prepared depen ding on the amount of binder added. Polyvinyl alcohol (PVA) binder (Gelvatol 20-60, Monsanto Co., St. Louis, Mo) of 0.5mass% relative to powder was added into one batch, and the other contained no binder. The particle size of milled slurries was measured using the particle size analyzer (Microplus, Malvern, U. K. (1) The ratio of the total hollow area in granules to the total cross-sectional area of granules investigated. Note that the moisture contents of granules A and B after storing at 75% rh for 72h were 0.4mass% and 0.2mass%, respectively.
The morphologies of two sets of spray-dried granules are shown in Fig. 1 . Granules A containing no binder were near ly spherical and showed little hollows in granules, whereas a large degree of asperity and a number of hollows and donut-shaped granules were observed in granules B to which 0.5mass% PVA was added. The distributions of aspect ratio and size, and the ratio of hollow area to the total cross-sectional area of granules were determined from analysis of at least 1000 granules for each set of granulated powder in SEM pictures. These values are given in Table 2 . Granules B showed a wider distribution of aspect ratio and about 10 times larger hollow area in comparison with granules A, indicating a higher deviation from spherici ty. The relative tapped densities of granules A and B were 31% and 28%, respectively. The higher tapped density of granule A could be a result of the higher sphericity and fewer hollows.
Considering the binder content of granules B together with the lower moisture content, they were expected to be harder and more brittle. The relative green density as a function of compaction pressure was measured and is shown in Fig. 2 . The AYP of granules B was at 0.4MPa whereas no change of slope was observed in granules A. This indicates that the plastic deformation or fracture of granules A began upon applying the compaction pressure, whereas for granules B, the rearrangement of granules oc curred up to 0.4MPa prior to deformation or fracturing of granules. For granule A, a weak bonding force between con stituent fine particles and a high moisture content could cause the high plasticity without sliding of granules at the beginning of compaction.
3.2 Green and sintered densities The change of green densities with respect to the uniax ial pressures from 80 to 120MPa and the isostatic pressure of 500MPa after compaction at various uniaxial pressures is shown in Fig. 3 . The values of density at each compac tion pressure are the average of 50 samples; their standard deviations are also presented.
In the case of granules A, the green density increases with increasing pressure up to 100 MPa and then decreases due to lamination. Such lamination did not occur up to 120MPa for granules B, and thus the green density increased with increasing pressure up to 120 MPa. However, the green density of granules B was con sistently lower compared to that of granules A at the given uniaxial pressure. Fig, 3 . Dependence of the relative compaction density on the com paction pressure and compaction method for (A) the granules ex hibiting high plasticity and sphericity, and (B) the granules show ing low plasticity and high asperity. The influence of compaction pressures on the sintered densities for the two sets of granules is shown in Fig . 6 . The fraction of t-ZrO2 in the surfaces of sintered specimens was in the range of 47 to 56vol% depending on the sintered density. The theoretical densities of sintered ZTAs were determined using various ratios of t-ZrO2 to m-ZrO2 . The relative green density of the uniaxially compacted granules A was 56% to 62%, and the density was improved to about 64% after pressing isostatically, as shown in Fig 3 (A) . The sintered density of the compacts made of granules A was nearly constant with the value of about 99% of theoretical density, irrespective of the variation of green densities. However, in the case of granules B, the higher the green density, the higher the sintered density. It is also worth noting that the deviation of sintered densities of the com pacts pressed isostatically was reduced significantly com pared with that of uniaxially pressed specimens for both sets of granules. The different trends of granules A and B in the relation ship between green and sintered densities might originate from the persistent hollows present in granules B. A number of as-spray-dried granules B contained hollows, as shown in Fig. 1 (B) . While increasing the compaction pressure, fracturing of hard granules B into finer ag glomerates increased. Some granules containing hollows remained unbroken, even at high compaction pressure, due to the pressure gradient. These persistent hollows were like ly to deteriorate the sintered density. The number of hollows remaining after compaction were reduced linearly with increasing applied pressure, and accordingly, the green and sintered densities increased with increasing com paction pressure, as demonstrated in Figs. 3 (B) and 6 (B). On the other hand, the green density was likely governed by the persistent inter and intragranular pores rather than the remaining hollows, since a few granules A contained hollows. These pores could be removed easily during sinter ing because the size of pores was markedly smaller than that of the hollows. Therefore, the sintered density of the compacts consisting of granules A did not vary with the green density, and showed a nearly constant value of about 99% of the theoretical. Note that although the compacts pressed isostatically exhibited consistently higher green density compared with the uniaxially pressed ones for both sets of granules, the sintered density of uniaxially com pacted samples was the same as the density of isostatically pressed ones for granules A, whereas for the granules B, the isostatic pressing resulted in higher sintered density. Fig. 3 (A) . With respect to the relationship between the sintered density and bending strength, the variation of sintered densities within 1% did not significantly affect the strength. In fact, the strength was determined by the size of the largest flaw ex isting near the tensile surface in the bending configuration rather than the number of pores represented by the density. Hollows exist in both granules A and B, although the number of hollows in granules B is considerably larger com pared with granules A, as indicated in Table 2 . Most of the hollows could be eliminated by fracturing and deforming the granules at high compaction pressure, yet a few remain ed in the uneforme granules due to the pressure gradient within the compact. These persistent hollows retarded the densification of their surrounding region during sintering. Presumably, the gas contained in the hollows expands at high temperature and compensates the driving force of sintering. The fracture surface of sintered specimens of granules A is an example of the low-density region surroun ding a large flaw (Fig. 8) . Such regions were also often observed in the ZTAs fabricated using granules B. Large flaws such as hollows which are not completely removed during compaction could become an origin of fracture in the sintered samples, as demonstrated in Fig. 8 . Isostatic press ing at high pressure could have been effective in reducing the number of large hollows throughout the compact and may have contributed to the higher strength, particularly in ZTAs fabricated using granules B. Fig. 9 , Vickers hardness vs compaction pressure and compaction method. The sintered ZTAs were fabricated using the granules con taining (A) no binder and (B) PVA 0.5mass%.
The level of porosity near the surface region of sintered specimens could be represented by the hardness values. Vickers hardness of sintered ZTAs as a function of compac tion condition is given in Fig. 9 . The tendency of hardness changes generally agrees with the trends of sintered densi ty and strength with respect to the compaction conditions, i.e., higher values for isostatically formed samples com pared to the uniaxially compacted ones for granules B, and a small difference in the values between the compacts press ed isostatically and uniaxially for granules A. In addition, the hardness of ZTAs made of granules A is higher than that of ZTAs prepared using granules B under the same compaction conditions. The high plasticity of granules A caused an effective reduction of intragranular pores in the granules near the surface of the compact, whereas brittle granules B were fractured into finer agglomerates with a certain amount of intragranular pores, as indicated in A-4 and B-4 of Fig. 4 .
Conclusions
The sintered density and mechanical properties of ZTA were analyzed in terms of the characteristics of spray-dried granules and their compaction responses under various com paction conditions. The green density of the samples press ed uniaxially from 80 to 120MPa varied depending on the sphericity and plasticity of granules. However, the green and sintered densities of the compacts pressed isostatically at 500MPa were nearly constant values of 63% and 99% relative to the theoretical density, respectively, irrespective of granule properties. This indicated that the shape and pro perties of spray-dried granules were the dominant factors controlling the green and sintered densities of the specimens compacted in a uniaxial press, but the granule properties could be a second-order effect in comparison to the effect of isostatic pressure in determining the green and sintered properties for the specimens compacted isostatical ly at high pressure. The strength of sintered ZTAs was not significantly affected by the compaction pressures from 80 to 500MPa. The fracture surfaces of sintered ZTAs show ed that the fracture origin in a less densified region surroun ding a large void was likely the hollows remaining after com paction.
